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INTRODUCTION 

The subject of  t h e  chemical s t r u c t u r e  of  coal i s  a m o s t  as con- 
t r o v e r s i a l  as it i s  complex. The complexi ty  o f  t h i s  problem i s  par -  
t i a l l y  due t o  t h e  l a c k  of homogeneity and s o l u b i l i t y  of  coals, as w e l l  
as  t o  t h e  l a r g e  v a r i e t y  of  o r g a n i c  r o c k s  l a b e l e d  as coals. 

A fundamental  q u e s t i o n  i s  whether w e  can even c o n s i d e r  a chemica l  
s t r u c t u r e  f o r  a s p e c i f i c  c o a l .  Exper imenta l  d a t a  i n d i c a t e s  t h a t  t h e r e  
are  s imi la r i t i es  i n  t h e  p h y s i c a l  p r o p e r t i e s  of  some groups  of c o a l  and 
i n  t h e i r  behavior  toward d i f f e r e n t  chemica l  r e a c t i o n s :  t h i s  a t  leas t  
a l l o w s  us  t o  speak of  e lements  o f  s t r u c t u r e  i n  coal. 

T r a d i t i o n a l l y ,  b o t h  p h y s i c a l  and chemica l  d a t a  have  been used  t o  
s t u d y  coals. Both k i n d s  o f  methods r e q u i r e  a l a r g e  amount of  e x p e r i -  
mental work and h i g h l y  s p e c i a l i z e d  competence i n  t h e  unders tanding  
and a p p l i c a t i o n  o f  t h e  method i t s e l f .  T h i s  makes it q u i t e  d i f f i c u l t  
f o r  any i n d i v i d u a l  t o  master a l l  t h e  a s p e c t s  o f  t h i s  k ind  of r e s e a r c h .  
F u l l y  aware o f  t h i s  r e a l i t y ,  I w i l l  t r y  t o  p r e s e n t  some o f  o u r  p r e s e n t  
c o n c e p t s  on coal s t r u c t u r e .  These c o n c e p t s  are b a s e d  on d a t a  a v a i l a b l e  
i n  t h e  l i t e r a t u r e  as  w e l l  as from our  own experiments .  The main i d e a  
i s  t o  use  as much informat ion  as p o s s i b l e ,  which h a s  been o b t a i n e d  by 
methods as d i f f e r e n t  as p o s s i b l e ,  and to  q u e s t i o n  a l l  the d a t a ,  
e x p e c i a l l y  t h o s e  which can be proven by  a s i n g l e  method only.  One 
should  mention t h a t  p r e v i o u s  work by  Given [ l ]  and W i s e r  [ 2 ]  was b a s e d  
on a s i m i l a r  approach.  I n  t h i s  paper  w e  w i l l  d i s c u s s  some new d a t a ,  
which w a s  n o t  a v a i l a b l e  to  them when t h e y  proposed s e v e r a l  r e p r e s e n -  
t a t i v e  c o a l  average  s t r u c t u r e s .  

RESULTS AND DISCUSSION 

The f i r s t  s t e p  i n  t h e  chemica l  a n a l y s i s  o f  a coal is  t h e  de te rmin-  
a t ion of  i t s  mois ture-ash- f ree  e l e m e n t a l  composi t ion.  For  example, f o r  
t w o  c o a l s  which have been e x t e n s i v e l y  s t u d i e d  f o r  l i q u e f a c t i o n  b e h a v i o r  
t h e  e l e m e n t a l  composi t ion ,  c a l c u l a t e d  f o r  100 atoms is: 
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Coal 

I l l i n o i s  #6 
(Monter ey) 

Elementa l  Composition 

C50.8H4304.8S0.8N0.6 i 
Wyodak ‘48. 4H42. 4’8.6’0. 07N0. 5 

A look a t  t h e  above  d a t a  g i v e s  s e v e r a l  h i n t s  about  c o a l  s t r u c t u r e :  

1 1. For  each 100 atoms i n  c o a l  o v e r  90 are atoms o f  carbon and 
hydrogen. S t o i c h i o m e t r y  d i c t a t e s  t h a t  t h e  m a j o r i t y  of  t h e  
chemica l  bonds i n  c o a l  w i l l  be carbon-carbon and carbon-  
hydrogen. I 

2 .  Oxygen i s  t h e  main he te roa tom and unders tanding  i t s  chemis t ry  I 
d u r i n g  any coal t r a n s f o r m a t i o n  i s  e s s e n t i a l .  For each r e a c t i o n  
performed f o r  t h e  u s u a l  purpose  o f  removing s u l f u r  and n i t r o g e n .  
u n d e r s t a n d i n g  what happens t o  oxygen i s  very i m p o r t a n t ,  as w e l l  
as how i t s  r e a c t i v i t y  a f f e c t s  t h o s e  o f  N and S f u n c t i o n s .  

Looking a t  p o s s i b l e  coal s t r u c t u r e s ,  t w o  a s p e c t s  are r e l e v a n t :  

a) t h e  chemica l  f u n c t i o n s  i n  which t h e  heteroatoms appear ,  

b) t h e  carbon s k e l e t o n  of  t h e  rest. 

The m o s t  i m p o r t a n t  chemica l  f u n c t i o n a l i t i e s  i n  c o a l  are [ 3 ] :  f o r  
oxygen: phenols ,  e t h e r s ,  c a r b o x y l i c  a c i d s ,  qu inones ;  f o r  n i t r o g e n :  
p y r r o l e  and p y r i d i n e  d e r i v a t i v e s .  

These f u n c t i o n a l i t i e s  can b e  p r e s e n t  i n  l a r g e r  or  smaller r e l a t i v e  
amounts i n  a g i v e n  coal, b u t ,  q u a l i t a t i v e l y , a l l  t h e  coals c o n t a i n  t h e  
same kind of  chemica l  f u n c t i o n s .  

The carbon s k e l e t o n  o f  c o a l  i s  perhaps  t h e  most c o n t r o v e r s i a l  
a s p e c t  o f  t h e  r e s e a r c h  on c o a l  s t r u c t u r e .  Three  major q u e s t i o n s  are 
of  i n t e r e s t  i n  t h i s  f i e l d :  

1. What i s  t h e  p e r c e n t a g e  of  a r o m a t i c  carbons?  

2 .  How condensed are t h e  a r o m a t i c  r i n g  s t r u c t u r e s ?  

3 .  What i s  t h e  c a r b o n  s k e l e t o n  of t h e  a l i p h a t i c  p o r t i o n  of t h e  
c o a l ?  

The p e r c e n t a g e  o f  aromatic carbon can now be determined by s o l i d -  
s t a t e  13C-NMR. 
Berkeley made t h e  q u a n t i t a t i v e  measurements f o r  t h e  coals d i s c u s s e d  i n  
t h i s  paper. 

A l e x  P i n e s  from t h e  U n i v e r s i t y  o f  C a l i f o r n i a  a t  

T o  answer t he  o t h e r  two q u e s t i o n s  r e l a t e d  t o  t h e  carbon s k e l e t o n ,  
s e v e r a l  approaches  c a n  be taken.  
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One of  them i s  a c a r e f u l  s t r u c t u r e  d e t e r m i n a t i o n  o f  t h e  s h o r t  
t ime r e a c t i o n  p r o d u c t s  o f  t h e  thermal  l i q u e f a c t i o n  o f  coal [41. 
During t h e  l as t  f o u r  y e a r s  w e  worked on a r e s e a r c h  p r o j e c t  s u p p o r t e d  
i n  p a r t  b y  t h e  E l e c t r i c  Power Research I n s t i t u t e .  One of t h e  purposes  
of t h i s  p r o j e c t  was t o  e s t a b l i s h  t h e  chemica l  composi t ion of Short  
c o n t a c t  t i m e  thermal  l i q u e f a c t i o n  p r o d u c t s  ( i n c l u d i n g  S t r u c t u r e ) .  W e  
w i l l  now d i s c u s s  how t h i s  d a t a  c a n  be used  t o  o b t a i n  i n f o r m a t i o n  a b o u t  
c o a l  s t r u c t u r e .  

I n  t h e  s h o r t  t i m e  of  2+5 minutes ,  coal d i s s o l v e s  i n  t h e  p r e s e n c e  
o f  an H-donor: i n  t h e  absence o f  a n  added c a t a l y s t  o n l y  a few bonds are  
a c t u a l l y  broken. Work a t  Mobil [4], Exxon [5] and Oakridge N a t i o n a l  
Labora tory  [6] i n d i c a t e s  tha t  o f  t h e  f o l l o w i n g  r e a c t i o n s  t a k e  
p l a c e  : 

0 

o D e s t r u c t i o n  or format ion  o f  p o l y c y c l i c  s a t u r a t e d  s t r u c t u r e s .  

Hydrogenat ion o f  a r o m a t i c  p o l y c y c l i c  hydrocarbons,  

A c o r o l l a r y  o f  t h i s  i s :  i f  t h e s e  polyaromat ic  or p o l y c y c l i c  s a t u r a t e d  
s t r u c t u r e s  are p r e s e n t  i n  c o a 1 , t h e y  should  be i d e n t i f i e d  i n  t h e  thermal 
l i q u e f a c t i o n  products .  

Many o f  t h e  chemica l  f u n c t i o n a l i t i e s  are also stable i n  t h e s e  
c o n d i t i o n s ,  e s p e c i a l l y  the O . S , N  h e t e r o c y c l i c  s t r u c t u r e s .  Water 
f o r m a t i o n  by phenol  dehydrogenat ion i s  also minimal. W e  found t h a t  
i n  coal convers ions  even a t  long r e a c t i o n  t i m e s  ( u p  t o  90 minutes)  
i n  t h e  absence  o f  an added c a t a l y s t ,  t h e  -OH bonded t o  a monoaromatic 
r i n g  i s  stable. I n  t h e  same c o n d i t i o n s ,  dehydroxyla t ion  o f  n a p h t h e n i c  
phenols  does  occur  [ 71 . 

The degree  o f  r i n g  condensa t ion  o f  t h e  aromatic p a r t  c a n  be s e m i -  
q u a n t i t a t i v e l y  determined i n  c o a l  l i q u i d s  [4]. I t  h a s  been found t h a t  
i n  t h e  s h o r t  t ime l i q u e f a c t i o n  p r o d u c t s ,  t h e  m a j o r i t y  o f  t h e  aromatic ' 

r i n g s  are as i n  benzene and  naphtha lene .  
w i t h  t h e  d a t a  o b t a i n e d  by  Hayatsu,  S c o t t ,  Moore and S t u d i e r  [9], u s i n g  
a n  o x i d a t i v e  method and w i t h  t h e  u v - v i s i b l e  s p e c t r o s c o p y  d a t a  r e p o r t e d  
by F r i e d e l  and Q u e i s e r  [lo]. I conclude  t h e n  t h a t  i n  t h e  subbi tuminous 
and b i tuminous  c o a l s  s t u d i e d  by  u s  and o t h e r s ,  t h e  aromatic carbons are 
n o t  p r e s e n t  i n  s i g n i f i c a n t  amounts as h i g h l y  condensed r i n g s .  

Concerning t h e  carbon s k e l e t o n  o f  t h e  a l i p h a t i c  p o r t i o n ,  t h e r e  
are no methods f o r  d i r e c t  i d e n t i f i c a t i o n .  However, f o r  a g i v e n  formula 
i f  t h e  t o t a l  number o f  C and H i s  known, as w e l l  as t h e  p e r c e n t a g e s  of 
a r o m a t i c  and a l i p h a t i c  carbon and hydrogen a p o s s i b l e  s t r u c t u r e  f o r  
t h e  a l i p h a t i c  p a r t  may be i n f e r r e d .  

These d a t a  are c o n s i s t e n t  

Possible a v e r a g e  chemical  s t r u c t u r e s  p r e s e n t  i n  s h o r t  t i m e  r e a c t i o n  
p r o d u c t s  have been  determined by a methodology w e  have a l r e a d y  r e p o r t e d  
[4,8]. F r a c t i o n s  w i t h  average  molecular  s t r u c t u r e s  as i n  F i g u r e s  1-4 
are c o n s i s t e n t  wi th  t h e  e x p e r i m e n t a l  d a t a .  

A s  shown i n  F i g u r e  1 f o r  a g i v e n  molecular  formula ,  there is  a 
r e l a t i o n s h i p  between t h e  degree  o f  aromatic r i n g  c o n d e n s a t i o n  and t h e  
d e g r e e  o f  a l i p h a t i c  r i n g  condensa t ion .  
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The re la t ive number o f  a l i p h a t i c  hydrogens and carbons  i s  con- 
s i s t e n t  w i t h  the p r e s e n c e  o f  some polycondensed a l i p h a t i c  s t r u c t u r e s .  
The number o f  t h e  polycondensed a l i p h a t i c  r i n g s  seems q u i t e  h i g h  i n  
c e r t a i n  Wyodak coal  l i q u i d s  o b t a i n e d  i n  a thermal p r o c e s s  a t  s h o r t  
r e a c t i o n  t i m e  ( F i g u r e  4 ) .  I t  is  l i k e l y  t h a t  such s t r u c t u r e s  are also 
p r e s e n t  i n  Wyodak c o a l .  Other  e x p e r i m e n t a l  d a t a  are  a l s o  i n  f a v o r  of  
t h i s  e x p l a n a t i o n .  For  example, t h e  o x i d a t i v e  method used by Den0 

polycondensed a l i p h a t i c  r i n g s  are n o t  p r e s e n t .  The r e s u l t s  o b t a i n e d  
by  t h i s  method f o r  Wyodak c o a l  are  nonreproducib le  and t h e  o x i d a t i o n  
products  a r e  d i f f i c u l t  t o  ana lyze .  

o f  t h e  a l i p h a t i c  r i n g s .  The c a l c u l a t i o n  i s  based  on t h e  elemental 
a n a l y s i s  o f  t h e  c o a l  and t h e  p e r c e n t  o f  aromatic carbon o b t a i n e d  by 
13C-NMR i n  s o l i d  s ta te  [ 4 ] .  Based on t h i s  method, t h e  Wyodak coal 
used  i n  t h e  l i q u e f a c t i o n  s t u d y  t o  obtain d a t a  as i n  F i g u r e  2 con- 
t a i n e d  44-50% aromatic carbon.  T h i s  would be c o n s i s t e n t  w i t h  2 t o  
8 a l i p h a t i c  r i n g s  f o r  100 atoms o f  carbon. W e  should  note  t h a t  some 
o t h e r  samples  o f  Wyodak coal f o r  which w e  measured t h e  a romat ic  con- 
t e n t  were somewhat more aromatic (SO-70% aromatic carbon). 

1 

e t  a l .  [ l l ] ,  g i v e s  s e l e c t i v e  o x i d a t i o n  o f  aromatic s t r u c t u r e s  o n l y  i f  l 

Another approach is a d i r e c t  c a l c u l a t i o n  o f  t h e  p o s s i b l e  number 

The d a t a  w e  p r e s e n t e d  are based  on t h e  s i m i l a r i t y  of  t h e  e lements  
o f  s t r u c t u r e  i n  coal and i n  t h e  s h o r t  c o n t a c t  t i m e ,  n o n c a t a l y t i c  
l i q u e f a c t i o n  products .  These e lements  o f  s t r u c t u r e  could  be bound 
t o g e t h e r  w i t h  low energy  t h e r m a l l y  labile bonds. A s  d e s c r i b e d  i n  t h e  
l i t e r a t u r e  [ 4 , 6 ] ,  t h e s e  weak bonds could  be: 

ArCH2-XAr bonds (X = O,S,C-Ar). 

An i m p o r t a n t  p r a c t i c a l  consequence o f  knowing t h e  coal s t r u c t u r e  
and t h e  s t r u c t u r e  o f  i t s  s h o r t  t i m e  l i q u e f a c t i o n  p r o d u c t s  i s  t h e  
unders tanding  of  t h e  p o s s i b l e  l i m i t s  of  r e d u c t i o n  o f  H-consumption 
f o r  t h e  l i q u e f a c t i o n  o f  a p a r t i c u l a r  coal. I n  F i g u r e  5 w e  make such 
c o r r e l a t i o n s .  T h i s  a s p e c t  w i l l  be d i s c u s s e d  more f u l l y  i n  the f u t u r e .  

I 
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G e n e r a l  F o r m u l a  C31H2702 

A r o m a t i c  Moiety C18H10-ll (‘H-NMR, 13C-NMR) 

VARIANT 1 
( u n l i k e l y )  

A r o m a t i c  S t r u c t u r e s  C o n s i d e r e d  

VARIANT 2 VARIANT 3 
( u n l i k e l y )  

- 
P o s s i b l e  A v e r a g e  S t r u c t u r e s  

s t r u c t u r e )  

4 

! 

, 

F i g u r e  1: P o s s i b l e  A v e r a g e  S t r u c t u r e  for a S h o r t  C o n t a c t  T i m e  
F rac t ion  SESC-3 of Monterey C o a l .  
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G e n e r a l  Formula C43H3802 

A r o m a t i c  Moiety C26H18 ('H-NMR, I3C-NMFt) 

A r o m a t i c  Structures C o n s i d e r e d :  

VARIANT 1 VARIANT 2 

a +a 
P o s s i b l e  A v e r a g e  Structures:  

$ 0 0 

0 q p p  

F i g u r e  2:  P o s s i b l e  A v e r a g e  Structures for Wyodak S E S C - 3  
Short  C o n t a c t  T i m e  SRC 
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F i g u r e  3: F r a c t i o n  SESC-4  Monterey C o a l  Shor t  
C o n t a c t  T i m e  SRC 

'3 4H3 3'2.5 5H0. 3'0.4 

% A r o m a t i c  C = 59 

% A r o m a t i c  H = 43 

A r o m a t i c  Par t  C20H14 

HO & 
A l i p h a t i c  P a r t  CL4Hl9 

1 A l i p h a t i c  E t h e r  + 4 S u b s t i t u t e n t s  
C14H19 + 2 + 4 = C H 14 25 

C14H26 -- 3 C o n d e n s e d  A l i p h a t i c  R i n g s  
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C a l c u l a t e d  B a s e d  on E x p e r i m e n t a l  D a t a :  

Av.  MW = 600 C43H36N02 

A r o m a  t i c  C 2  7H18 -19 ( 'H-NMR, I3C-NMR) I n  f o r m u l a :  

C 2 6 H 1 8  ( 6 2 %  A r o m a t i c  C ,  52% A r o m a t i c  H )  

H1O H3 

H7 

B e n z y l i c  ( 2 - 3  ppm) 

A l i p h a t i c  16 H? H18 

Figure  4: A v e r a  e C a r b o n  S k e l e t o n  F o r m u l a  for 
Wyodaz SRC 
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